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1. Introduction 
In RAN1 #76 meeting, the following agreements were achieved on the design of CQI table to support 256QAM in the LTE downlink [1].
· Support SE in the entire range from X1 bps/Hz to X2 bps/Hz.
· Down-sample low CQI entries by removing Y1 entries, and add Y1 new entries for 256QAM region with even spacing.
· CQI  #0 to be equal to out of range.
· Switching point of 64QAM and 256QAM should be CQI Z (Z=14 or 15 in the existing table).
· FFS the positions of the CQI entries in the Rel-12 CQI table – decide between the following two options.
· Opt-1: order the CQI indices according to the spectral efficiencies.
· Opt-2: keep the CQI indices the same for the common CQIs between Rel-8 and Rel-12 CQI tables.
This contribution discusses the open issues on the CQI table design. 
2. Discussion on the open issues
Open issue 1: Support SE in the entire range from X1 bps/Hz to X2 bps/Hz.
Open issue 2: Down-sample low CQI entries by removing Y1 entries, and add Y1 new entries for 256QAM region with even spacing.
· Minimum spectral efficiency (X1): Even when the channel condition is very good for a UE and 256QAM has been configured, it would be beneficial to keep the capability of addressing a few low MCSs for CQI feedback, in preparation for the case when the channel condition suddenly becomes bad. We therefore propose to maintain the lowest MCS (i.e., QPSK, code rate: 0.0765, SE: 0.1523) of the existing CQI table. Furthermore, we propose to remove every other MCS rather than consecutive ones in the low MCS regime, which could minimize the impact of the increased granularity in the low SNR regime.
· Maximum spectral efficiency (X2) and the number of new CQI entries (Y1): The MCSs in the existing CQI table are derived by uniformly quantizing SINR over the SINR range of [-7dB, 19.488dB] with the step size of 1.892dB. To support 256QAM, the SINR range needs to be expanded. Based on the simulation results in [2], a reasonable approach to defining the expanded SINR range would be to introduce 3 new higher SINR points with the same step size of 1.892 dB. With this approach, 3 new higher SINRs, corresponding 256QAM code rates, and corresponding SEs are {21.380dB, 23.272dB, 25.164dB} and {0.761, 0.850, 0.907}, and {6.0863, 6.7958, 7.2578}, respectively. It is worth noting that the highest MCS in the CQI table does not necessarily limit the maximum spectral efficiency supported by PDSCH. 

Proposal 1: Support SE in the entire range from 0.1523 bps/Hz to 7.2578 bps/Hz.
Proposal 2: Down-sample low CQI entries by removing 3 entries, and add 3 new entries for 256QAM region with even spacing.
Proposal 3: Remove every other low MCS rather than consecutive ones, which could mitigate the impact of the disability that some low MCSs cannot be addressed in the new CQI table.
Open issue 3: Switching point of 64QAM and 256QAM should be CQI Z (Z=14 or 15 in the existing table).
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Figure 1. Comparison of 64QAM and 256QAM in AWGN channel
Figure 1 compares the link level performance of 64QAM and 256QAM in AWGN channel for CQI index = 14 and 15. It is observed that 64QAM outperforms 256QAM by about 1.2 dB and 0.6 dB at 10% BLER for CQI 14 and CQI 15, respectively.  The performance comparison in AWGN channel could provide a useful insight for the case when channel and interference are (near) frequency-flat (i.e., near constant SINR across different modulation symbols) and link adaptation is accurate (i.e., CQI feedback precisely predicts the SINR experienced by the corresponding PDSCH transmission).
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Figure 2. Effect of frequency-selective fading on the channel coding performance
However, when channel (or SINR) is frequency-selective, i.e., modulation symbols undergo different SINRs, the comparison of 64QAM and 256QAM can be different. As illustrated in Figure 2, frequency-selective SINR can effectively puncture the modulation symbols in a deep fade (or low SINR). Consequently, the code rate effectively increases, which would be critical especially when the original code rate is high. For instance, for code rate = 0.9, if more than 10% of coded bits are effectively punctured, the PDSCH could not be successfully decoded even with very high SINRs for the remaining symbols. 
To see the impact of the frequency selective fading, a set of simulation results in a fading channel (EPA-5Hz) are given in Figure 3, for different Rx antenna correlation values and for different transmission bandwidths. It should be noted that SNR (x-axis) in the figure is the long term average SNR of each modulation symbol (or each subcarrier) and therefore the curves are referred to as long term curves. It is observed that 64QAM outperforms 256QAM when the transmission bandwidth is 4 PRBs. The performance difference between 64QAM and 256QAM for uncorrelated 2 Rx antennas is consistent with that observed in AWGN channel. This is because the SINRs of each modulation symbol (after MRC combining) within 4PRBs are almost constant. The performance difference decreases in case 2 Rx antennas are correlated, but 64QAM still performs better. In contrast, when a code block is transmitted (almost) over the entire bandwidth, which is the case when a single UE is assigned the whole BW, 64QAM outperforms 256QAM for CQI 14, while vice versa for CQI 15. In particular, 256QAM outperforms 64QAM by about 2 dB at 10% BLER for CQI 15. The different behaviours for different transmission bandwidths are due to the effect of frequency (or SINR) selectivity experienced by a single code block. 
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Figure 3. BLER vs. long term average SNR (long term curves)

However, the long term performance curves can only capture a part of the impact of frequency selectivity on 64QAM vs. 256QAM, since the error events mainly occur when instantaneous SINRs of many (or most) of the modulation symbols are low. Moreover, the long term curve is a useful performance measure only for the case when a link adaptation based on instantaneous SINR(s) is not feasible. Therefore, insight from the long term curves is limited for the case when a more accurate link adaptation is possible, which is the main target scenario of 256QAM. A better way of investing the impact of the frequency selective SINR on 64QAM vs. 256QAM would be to compare the performance with the channel gains being normalized such that the average of channel gains of each modulation symbol becomes one for each subframe. We call BLER curves with the above normalization short term curves. The short term curves are shown in Figure 4 for different Rx antenna correlation values and different transmission bandwidths. It is observed that 64QAM outperforms 256QAM when the transmission bandwidth is 4 PRBs. In this case, as in the long term curves, the difference between 64QAM and 256QAM is consistent with that in AWGN channel due to flatness of the channel frequency response. In contrast, when a code block is transmitted over the (almost) entire bandwidth, 256QAM performs better than 64QAM except the case of CQI 14 and uncorrelated Rx antennas. The gain of 256QAM is up to 1.5 dB at 10% BLER.  
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Figure 4. BLER vs. short term average SNR (short term curves)
Observations: 
· For CQI = 14, 64QAM outperforms 256QAM except the case when the link adaptation works well and the SINR fluctuation experienced by a single code block transmission is large (e.g., Rx antennas are highly correlated and the transmission bandwidth is large).

· For CQI = 15, 64QAM outperforms 256QAM by up to 0.6 dB when the transmission bandwidth is small. However, when the transmission bandwidth is large, 256QAM performs better than 64QAM by up to 3 dB.   

Based on the above observations and the agreements in RAN1 #76 meeting, the following proposal is made. 
Proposal 4: Switching point of 64QAM and 256QAM should be CQI 15.
Open issue 4: FFS the positions of the CQI entries in the Rel-12 CQI table – decide between the following two options.
· Opt-1: order the CQI indices according to the spectral efficiencies.
· Opt-2: keep the CQI indices the same for the common CQIs between Rel-8 and Rel-12 CQI tables.
As discussed in [2], after an eNB sends a RRC reconfiguration message requesting a UE to switch between the legacy CQI table and the new 256QAM CQI table, there is an ambiguity period until the eNB receives the confirmation message from the UE. This problem can be mitigated by Opt-2. On the other hand, Opt-2 requires some changes on the definition of CQI and differential CQI. We propose the follow principles for the changes.

· Definition of CQI: UE shall derive the CQI index corresponding to the highest supportable SE. 
· Definition of differential CQI: The differential CQI is defined based on the CQI indices ordered according to the SEs. 
One possible way to realize the above principle for differential CQI is to introduce a new column in the 256QAM CQI table as illustrated in Table 2. The new column includes the CQI indices that are ordered according to the SEs, referred to as D-CQI indices (CQI indices for differential CQI). Then, the offset level for differential CQI is defined via the D-CQI indices, e.g., spatial differential CQI offset level for codeword 1 is defined as 

Codeword 1 offset level = D-CQI index for codeword 0 – D-CQI index for codeword 1.

Example: Suppose that a PUCCH conveys a 4-bit wideband CQI for codeword 0 and a 3-bit wideband spatial differential CQI. Also assume that the maximum supportable SE for codeword 0 is 6.0863 and the maximum supportable SE for codeword 2 is 6.7958. Then, according to Table 2 the wideband CQI value for codeword 0 is 2. Since 

Codeword 1 offset level = wideband D-CQI index for codeword 0 – wideband D-CQI index for codeword 1 = 13 – 14 = –1, 
the wideband spatial differential CQI value is 7 according to Table 7.2-2 in TS 36.213, copied in Appendix. 
We believe that the above changes do not cause a big issue since (i) such changes will not influence the legacy UEs and the legacy eNB’s and (ii) there are not much part of specifications that should be changed.  
Proposal 5: Keep the CQI indices the same for the common MCSs between Rel-8 and Rel-12 CQI tables.
· With 256QAM being enabled, redefine the CQI value to be the CQI index corresponding to the highest supportable SE.

· Introduce an additional set of CQI indices that are ordered according to the SEs and are used to define differential CQI.
Proposed 256QAM CQI table
Table 2 shows the proposed 256QAM CQI table that is in conformity with the above discussion and the simulation results. The legacy CQI table (Table 1) is also presented for comparison purpose.
Table 1. Legacy CQI table                                                                                      Table 2. 256QAM CQI table
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3. Conclusions

In this contribution, we discuss the open issues on the CQI table design to support 256QAM in the LTE downlink. We have made the following observations and proposals. 
Observations: 

· For CQI = 14, 64QAM outperforms 256QAM except the case when the link adaptation works well and the SINR fluctuation experienced by a single code block transmission is large (e.g., Rx antennas are highly correlated and the transmission bandwidth is large).

· For CQI = 15, 64QAM outperforms 256QAM by up to 0.6 dB when the transmission bandwidth is small. However, when the transmission bandwidth is large, 256QAM performs better than 64QAM by up to 3 dB.   

Proposal 1: Support SE in the entire range from 0.1523 bps/Hz to 7.2578 bps/Hz.

Proposal 2: Down-sample low CQI entries by removing 3 entries, and add 3 new entries for 256QAM region with even spacing.

Proposal 3: Remove every other low MCS rather than consecutive ones, which could mitigate the impact of the disability that some low MCSs cannot be addressed in the new CQI table. 
Proposal 4: Switching point of 64QAM and 256QAM should be CQI 15.

Proposal 5: Keep the CQI indices the same for the common MCSs between Rel-8 and Rel-12 CQI tables.

· With 256QAM being enabled, redefine the CQI value to be the CQI index corresponding to the highest supportable SE.

· Introduce an additional set of CQI indices that are ordered according to the SEs and are used to define differential CQI.
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Appendix

(In TS 36.213)  

Table 7.2-2 Mapping spatial differential CQI value to offset level

	Spatial differential CQI value
	Offset level

	0
	0

	1
	1

	2
	2

	3
	(3

	4
	(-4

	5
	-3

	6
	-2

	7
	-1
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